Abstract: In this paper, a continuous-discrete observer is proposed for a class of nonlinear systems. One of the main interests of this observer is that it can be used to accurately estimate certain parameters for which one usually requires a model. It has been applied to a solution copolymerization reactor, and validated in simulation for the case of a semi-batch vinyl acetate (VAc) and butyl acrylate (BuA) reaction. The output of the observer is then used to control the cumulative copolymer composition.
INTRODUCTION
This paper applies non-linear theory to develop a method to solve problems of control for non-linear systems with model uncertainties. The method is based on a non-linear continuous-discrete observer. This observer assumes that discrete measurements are available, it uses a predictive step with continuous dynamics when measurements are not available and a corrective step when measurements are available (Deza et al., 1992) . In order to test the concepts and to show its applicability, the method have been used to control the cumulative copolymer composition in a solution copolymerization reactor (Dubé et al., 1997) . These processes are a very interesting case of study because its dynamics are highly non-linear and due to the lack of sensors. State observers, which are generally referred to as "software sensors" are then applied in order to cope with the problems associated to this lack of sensors. Many works dealing with the design of nonlinear observers for polymerization processes have been developed (Astorga et al., 2002) , (Févotte et al., 1998) , (Mutha et al., 1997) , (Othman et al., 1999) , (Viel et al., 1995) . The authors in (Mutha et al., 1997) developed a fixed-lag smoothing technique based on an extended Kalman filter (EKF) algorithm. Their algorithm contains two EKF's: one for filtering the states based on the process model, and the second for smoothing the states. The proposed observers seem to present good convergence properties and robustness to state and measurement noise. However, as the authors point out, estimator tuning is not a trivial exercise. The authors in (Othman et al., 1999) proposed a purely continuous observer for estimation of unknown parameters in a solution copolymerization process. However, it is often the case that physical measurements of a number of physical parameters are only available periodically for reasons linked to long measurement time, costly or complex measurement procedures. In this case it would be preferable to use discrete or continuous-discrete observers. In (Astorga et al., 2002) a continuousdiscrete observer has been used to estimate the evolution of monomer composition in the reactor and the copolymer composition. This paper is organized as follows, In Section 2, the problem of estimating the state and parameter variables for a class of non-linear system using a non-linear continuous-discrete observer is considered. The mathematical model of a solution copolymerization reactor is described in Section 3. The observer is evaluated using simulations based on the mathematical model in Section 4. The results obtained with the non-linear control law to control the copolymer composition are shown in Section 5. Finally, conclusions are presented in Section 6.
CONTINUOUS-DISCRETE OBSERVER
This section deals with the design of an observer for a class of non-linear systems. The observer is synthesized in a continuous-discrete form on the basis of a continuous process with discrete measurements. Consider the following non-linear system with model uncertainties:
where x ∈ R n is the vector of the states of the system, u = (u 1 , . . . , u m ) ∈ R m is the control signal, y ∈ R is the measured output correlated to the state x(t) by y = h(x), ε(t) is an unknown but bounded time-varying function which may depend on x(t), f 0 (x) and g(x) are two smooth vector fields which may depend on x(t). The idea to consider ε(t) as a time-varying unknown parameter was studied by several authors (Févotte et al., 1998) , (Othman et al., 1999) . The method to design an observer for these systems, consists in augmenting the vector of states with these states for which one does not have any mathematical model or quite simply, because one does not wish to represent them by a mathematical model. These states can be considered as unknown functions that one assumes bounded. Such assumptions are quite valid for a great number of physical processes. Consider the transformation z = T(x), where
is the Lie derivative of a real function). The authors in (Févotte et al., 1998) have shown that the original system is then represented by the following equations:
By using this canonical form of observability and considering that in System (1), the measurements are given at periodic intervals, i.e. y(
, a continuous-discrete observer is proposed for the estimation of the states of System (1). This observer is presented in two steps:
i) a prediction step for the interval of time
ii) a corrective step at t = t k+1 given by:
where S(t) is a time-varying symmetric positivedefinite matrix and
The expression t − k+1 represents the limit value of a variable at time t k+1 , i.e. S(t
S(t).
A variable with a hat (ˆ) represents an estimated state, T e is the sampling period and θ 1 , θ 2 , κ are the gains of the observer. This observer is very simple: the first equation of the prediction step is a copy of the model, where the state is replaced by its estimate. The equations of the corrective step are explicitely given. In addition, its tuning is very easy. One of the major interest of this observer is the fact that it does not requires any process model for ϑ(t).
MATHEMATICAL MODEL OF A SOLUTION COPOLYMERIZATION
The mathematical model of a solution copolymerization reactor is described by the following differential equations:
, N I and N S are the number of moles of the monomer i, the initiator and the solvent respectively, Q iin | i=1,2 , is the molar inlet flow rate of monomer i, Q Iin and Q Sin are the inlet flow rates of initiator and solvent respectively, k p11 , k p22 are the homopolymerization propagation rate constants for monomer 1 and monomer 2, k pij i=1,2;j=1,2;i =j , are the cross propagation rate constants between a radical of type i and monomer j, i = j, MW i | i=1,2 is the molecular weight of monomer i, ρ i | i=1,2 is the density of monomer i, ρ S and ρ I are the density of the solvent and the initiator respectively. φ * i | i=1,2 is the mole fraction of radicals terminating by a radical of monomer i:
where r 1 and r 2 are the reactivity ratios. These ratios are defined as:
f 1 is the mole fraction of monomer 1:
is the total concentration of free radicals. If the quasi-steady state assumption is valid, and in the absence of inhibition, this variable for a single initiator is given by:
where [I] = N I /V p is the initiator concentration, k d is the initiator decomposition constant, f is the overall efficiency of the initiator and k t is the overall termination rate constant. It can be represented by:
In practice, it is quite difficult to compute k t . This is because the variable ω is generally unknown and time-varying. In contrast, the values of the homopolymerization constants k t11 and k t22 can be found in the specialized Literature, i.e. (Othman et al., 1999) . As stated in the introduction, a non-linear control law is developed in Section 4 in order to control the cumulative copolymer composition. This variable is given bȳ
is the individual monomer conversion of monomer i:
is the total number of moles of monomer i added to the reactor:
OBSERVER DESIGN FOR THE COPOLYMERIZATION REACTOR
In what follows, we use the observer synthesis to construct an observer for our system. As outlined in Section 3, the parameter ϑ(t) is not well known since it is subject to many causes of disturbances and even theoretical uncertainties. In a general case it must therefore be treated as a time-varying parameter. The simulated model of the process is given by Equation (6). In this model, monomer 1 represents the butyl acrylate (BuA) and monomer 2 represents the vinyl acetate (VAc). Ethyl acetate (EAc) and benzoyl peroxide (BPO) are supposed to be the solvent and the free radical initiator respectively. The constant values used for simulations are the experimental values used in (Othman et al., 1999) . The simulated value of k t was computed using Equation (7) with the assumption that ω = 1. The simulated value of ϑ(t) was ϑ(t) = (1/k 0.5 t ). The model used to construct the observer is given by the two first equations of System (6). Our objective is to estimate the number of moles and the variable ϑ(t) which depends on N 1 and N 2 . To achieve this, the following augmented system was considered:
where
It is supposed that the instantaneous heat of reaction is measured. It is given by:
The heat of reaction is reflected in the output used by the observer by means of Equation (11):
where ∆H i | i=1,2 are the enthalpies of reactions. Because measurements of y are available, not continuously, but only at sampling times, the process output can be represented by
Clearly, System (9) has the same form as System (1). From Section 2, an observer for this system is given by Equations (3) and (4), where
In order to illustrate the performances of the proposed observer, a semi-batch copolymerization was simulated. The inputs are given by Q 2in = 0 and Q 1in vary following a square wave signal from 0 to 0.00014 mol/s (see Figure 1 ). The performance of the observer is very satisfactory. The simulated output and its estimation are shown in Figure 2 . The states N 1 , N 2 and their computed estimates are reported in Figure 3 . In Figure 4 , it is shown that the estimate of parameter k t quickly converges towards the true value issued from the process simulation. It is worth to remind that the kinetic rate given in Equation (7) is ignored completely by the observer .
CONTROL OF THE CUMULATIVE COPOLYMER COMPOSITION
In this section, a non-linear controller based on geometric theory is designed in order to control the cumulative copolymer composition. To achieve this objective, it is enough to control the instantaneous copolymer composition given by:
Thus, the system to be controlled is described by the following SISO system:
and g(x(t)) = (1 0) T . It can be seen that the observed output of the processŷ p is used in this controller. Thus, the error between the desired output of the trajectory Following the input-output linearization method given by (Isidori, 1995) , the control variable is:
The linear control law v(t) is (15) where k i and k p are two positive constants: the proportional and integral gain respectively. It should be noted that this linear control law could be replaced by any other linear control technique.
Simulation results. This simulation was carried out under the following conditions: the set-point . The control variable u(t) is the feed flow rate of butyl acrylate Q 1in . It is worth noting that when tuning the gains θ i and κ, the values should not be chosen too high since this renders the observer very sensitive to noise. The set-point and the instantaneous copolymer composition are displayed in Figure 6 , where one can note that the regulation of the output F 1 is satisfactory after a transition time of about 4 hours. This transition time is acceptable if it is considered the dynamics of the process and the time of convergence of the observer. Figure  7 shows the variation of the control variable Q 1in .
CONCLUSION
In this paper a non-linear scheme for non-linear systems based on a non-linear continuous-discrete observer was presented. This observer is given by a prediction step and a correction step. Simulation results have demonstrated the effectiveness of the continuous-discrete observer to estimate unknown time-varying parameters. The observer does not assume or require any model for these parameters and it is very successful on estimate them accurately. One of the main advantages in using the prediction step, is that the sampling period of the correction step can be longer than the sampling period of a purely discrete observer. Varying sampling times can be an interesting approach to be studied in future works. The observer was used with a control law to control the cumulative copolymer composition in copolymerization reactors. The results obtained in simulation, demonstrate the feasibility of this approach. 
